The major structural polypeptide of rotaviruses is p45K (VP6), which forms the morphological subunit of the inner capsid. Such subunits show a trimeric structure when examined with the electron microscope. Treatment of single-capsid rotavirus particles with 1.5 M-CaCI~ removes p45K, resulting in the generation of smooth cores. Sucrose density gradient centrifugation analysis of the removed p45K revealed that it has a sedimentation coefficient close to 7.3S, compatible with an oligomeric (possibly trimeric) structure. Polyacrylamide gel electrophoresis under reducing or non-reducing conditions indicated that p45K has intramolecular but not intermolecular disulphide bonds, suggesting that interactions between p45K monomers may be due to some other type of association, such as hydrophobic or charge interactions. Velocity sedimentation of infected cell extracts revealed that native p45K also behaves as an oligomeric protein. Such results were confirmed using p45K partially purified by DEAE-cellulose chromatography. The evidence obtained indicated that all p45K present in the virion is in the oligomerie form, not associated by disulphide bonding, and that most native p45K present in the infected cells is also in the oligomeric form, probably as a consequence of early protein-protein interaction in rotavirus morphogenesis.
INTRODUCTION
The structure of the rotavirus particle has been the subject of several investigations, resulting in a number of conflicting interpretations (Martin et al., 1975; Stannard & Schoub, 1977; Esparza & G il, 1978; Kogasaka et al., 1979; Roseto et al., 1979) . Martin et al. (1975) initially reported that the surface of human rotavirus particles was composed of 32 large capsomeres with a structure similar to that presently accepted for the orbiviruses. However, Stannard & Schoub (1977) provided photographic evidence indicating that the large ring-shaped capsomeres result from moir6 pattern artefacts due to the superimposition of two-sided images. We re-examined the structure of human rotaviruses and proposed a new model, based on observations made on virions and lattices formed by subviral components (Esparza & Gil, 1978) . In this model we proposed the existence of an inner capsid composed of morphological subunits arranged as an open mesh, showing a regular pattern of cavities or holes, constituting the five-and sixcoordinated units of the virion. Closer examination of the morphological subunits has revealed that they are trimeric structures (Martin et al., 1975; Esparza & Gil, 1978) . Roseto et al. (1979) studied the structure of rotaviruses using the freeze-drying technique and presented evidence suggesting the existence of 132 capsomeres, arranged in a skew symmetry with T = 13. The photographs presented by these authors, and other photographs that we have recently obtained using the same technique (unpublished observations), could also be interpreted as suggesting the existence of 132 holes, which in turn, according to our previous model, should be surrounded by 260 trimeric morphological units, giving a total of 780 protomeric molecules per virion. We have also found that the reassembly of subunits liberated after disruption of rotavirus particles by ammonium molybdate treatment leads to the formation of tubular structures and disorganized sheets (Esparza & Gil, 1978) . Some of the tubules observed in human and bovine rotavirus preparations exhibit a hexagonal surface lattice similar to that described for human rotaviruses (Chasey & Labram, 1983) .
Another approach to the study of rotavirus morphology is controlled degradation of rotavirus particles using chemical or physical treatments. In fact, Palmer & Martin (1982) have reported that spontaneously degraded virus often breaks into large ring-shaped morphological units (composed of six smaller wedge-shaped subunits), rather than into the smaller subunits. Nevertheless, Palmer & Martin (1982) recognized the smaller wedge-shaped subunits as the basic structural unit of the inner capsid, and sharing of subunits as an essential feature of the virion architecture.
It has been reported that a combination of EDTA (versene) and trypsin treatment of rotavirus particles produces very fragile icosahedral cores, measuring approximately 40 to 45 nm in diameter (Palmer et aL, 1977) . Cores can also be obtained by treatment with chaotropic agents, such as sodium thiocyanate (Almeida et al., 1979) . High concentrations (1.5 M) of CaC12 have also been used to generate cores of bovine rotavirus which, when analysed by gel electrophoresis, were found to be composed of three polypeptides (with mol. wt. of approximately 125K, 89K and 78K) (Bican et al., 1982) . The most abundant polypeptide, with mol. wt. approximately 39K, was absent from purified cores, providing absolute evidence that such polypeptides correspond to the morphological subunits of the inner capsid. We previously reported that a polypeptide with a mol. wt. of 45K was the major structural component of the bovine rotavirion, accounting for approximately 80~ of the protein in single-shelled particles; from iodination experiments with purified virus, we proposed that p45K formed trimeric morphological subunits responsible for the rough outline to single-shelled particles (Novo & Esparza, 1981) . Bastardo et al. (1981) previously reported that PAGE of unreduced polypeptides of the SA11 rotavirus results in the appearance of high molecular weight bands which they suggested are mainly aggregates of p42, the major inner capsid polypeptide; this result implies that intermolecular disulphide bonds could be responsible for maintaining the oligomeric aggregation of p45K.
In this paper we present biochemical evidence that morphological subunits released from purified porcine rotavirus particles by CaCI~ treatment behave as oligomers (possibly trimers) of the 45K polypeptide (p45K), not associated by disulphide bonding. Moreover, native 45K protein isolated from infected cells is also an oligomeric structure.
METHODS
Virus and cell culture. The OSU strain of porcine rotavirus (Theil et al., 1977) was obtained at its 37th passage in MA-104 cells from E. H. Bohl, Ohio Agricultural Research and Development Center in Wooster, Ohio, U.S.A. Virus stocks were prepared as follows. Confluent MA-104 cell monolayers were washed thoroughly with phosphate-buffered saline (PBS) and inoculated with a virus suspension containing 10 gg trypsin/ml; trypsin (Sigma, type IX) was prepared as 1 ~o stock in 1 mM-HC1 (Almeida et al., 1978; Esparza et al., 1980) . After 1 b adsorption at 37 °C, cells were washed once with PBS and serum-free medium was added to the cultures. Infected cells were incubated at 37 °C until complete cytopathic effect was observed between 24 and 48 h, at which time cultures were collected.
Radiolabelling and purification of virus. Infected cells were maintained in Eagle's MEM lacking foetal bovine serum and methionine. [35S]Methionine (Amersham, >800 Ci/mmol) was added to the cultures 5 h after infection, at a concentration of 20 gCi/ml, and incubation was then allowed to proceed at 37 °C for an additional 20 h, at which time cultures were processed for virus purification. Virus was purified by Freon-113 extraction of infected cells, followed by pelleting through a cushion of 45~ (w/v) sucrose and isopycnic banding in a CsC1 gradient (Novo & Esparza, 1981 ) . To prevent proteolytic cleavage of virus proteins, 2 mM-phenylmethylsulphonyl fluoride (PMSF) was included in all purification steps.
Production ofrotavirus cores by CaCl2 treatment. Porcine rotavirus cores were prepared as described by Bican et al. (1982) . For this, purified single-shell particles were resuspended in Tris-HCl buffer pH 8, mixed with an equal volume of 3 M-CaCI2, and incubated at 20 °C from 15 s to 10 rain. Subviral particles produced by CaCI2 treatment were analysed by electron microscopy or rate-zonal centrifugation, as described below.
Electron microscopy. The degradation of rotavirus particles was visualized in the electron microscope by staining the subunits produced by mixing viruses with CaC12, with 1,% uranyl acetate (pH6-5). However, a more reproducible method for following the degradation of rotavirus was by first attaching the virus to ionized Formvar carbon grids and floating them on a drop of 1.5 M-CaC12 ; at different times after incubation at room temperature, grids were rinsed with distilled water and stained for 30 s with 1 ~ uranyl acetate. Samples were examined at 60 kV with a JEOL 100B electron microscope.
Rate-zonal centrifitgation of subviral particles. Caesium chloride-purified [35S]methionine-labelled single-capsid rotaviruses were resuspended in l0 mM-Tris-HC1 pH 8, and treated for 10 min at 20 °C with 1-5 M-CaC12. The mixture was then diluted 1/6 in 10 mM-Tris-HC1 pH 8, and layered on top of a 5 to 20~ (w/v) sucrose gradient prepared in 0.14 M-NaC1, 15 mM-EDTA, 10 mM-Tris-HC1 pH 7.6. The gradient was centrifuged in a Beckman SW39 rotor at 4 °C, for 23 h at 35000 r.p.m. (100000g). Parallel tubes contained 5 mg aldolase and ovalbumin markers (obtained from Pharmacia). Fractions were collected by puncturing the bottom of the tubes and protein bands were located either by u.v. absorption in the case of the markers, or by radioactivity measurement of acidprecipitable counts in the case of the virus.
SDS-PAGE of virus polypeptides.
This was carried out in slab gels by the method of Laemmli (1970) , using 10 running and 3"3~o stacking polyacrylamide gels in Tris~lycine buffer pH 8.6. Before electrophoresis, unless otherwise stated, virus samples were dissociated by boiling for 3 min in a sample buffer containing 2 ~ SDS, 0.1 M-2-mercaptoethanol, 2 mM-PMSF, 0.1 M-Tris-HC1 pH 6.8. Large volume samples were first concentrated by adding TCA to a final concentration of 10~, incubating for 1 h at 4 °C and recovering the pellet by centrifugation for 15 min at 12000 g; pellets were washed twice with cold acetone, air-dried and resuspended in sample buffer.
The presence of disulphide bonds was investigated using the methodology described by Allore & Barber (1984) in which adjacent slab gel lanes contain samples with or without 2-mercaptoethanol, allowing the formation of a gradient of reducing agent between them; the change of mobility of disulphide bond-containing proteins was easy to visualize throughout the transition from a reducing to a non-reducing environment.
The effect of thermal treatment on the stability of p45K was investigated by SDS-PAGE of single-capsid rotavirus particles treated in three different ways: (i) by heating at 100 °C for 3 min in Laemmli sample buffer (with a final concentration of 5~ 2-mercaptoethanol); (ii) by incubating at 37 °C for 30 min in the same buffer; (iii) by incubating at 37 °C for 30 min in a sample buffer not containing 2-mercaptoethanol. (This experiment was first suggested to us by R. Espejo, from the Universidad Nacional Aut6noma de Mexico.)
Immunoprecipitation. The antiserum used for the immunoprecipitation was prepared by inoculating rabbits with CsCl-purified double-capsid OSU rotavirus. Preparation of labelled infected cell lysates and immunoprecipitation of [35S]methionine-labelled viral proteins was performed as described by Lee et al. (1981) . Briefly, 100 ~tl of an appropriate dilution of the antiserum was reacted with 100 ~tl of the labelled cell lysate, followed by the precipitation of the immunocomplexes with Staphylococcus aureus (Cowan I strain). Bound proteins were removed from the bacteria by boiling for 4 min in 50 ~tl of Laemmli's sample buffer. The bacterial suspension was pelleted by centrifugation and the supernatants were applied to 10~ polyacrylamide gels.
Purification of native polypeptidesJ?om infected cells.
Cultures were harvested by scraping the cells off the vessels into the medium with a rubber policeman and washing twice with cold PBS. Cells were resuspended in an isotonic buffer containing 10mM-Tris-HC1 pH 8.0, 0.15 M-KC1, 1.5 mM-MgCI2, 1 mM-dithiothreitol (DTT), 1 mM-PMSF and 1~o NP40, kept for 10min at 4 °C, and the nuclei pelleted by centrifugation at 2000g for 3 min. Native proteins present in the cytoplasmic fraction were isolated by a simplification of the procedure described by Persson et al. (1978) , as follows. Proteins bound to ribosomes were solubilized by adding glycerol and KC1 to final concentrations of 10 ~ and 0.4 M respectively. Extracts were clarified at 15 000 g for 10 min, and soluble proteins were obtained after ultracentrifugation of the supernatant at 100000 g for 2 h at 4 °C (S-100). The S-100 fraction was made 2 M with KC1 and agitated for 30 rain after which the concentration of KCI was lowered to 0.4 t~ using a buffer containing 50 mM-Tris-HC1 pH 8.0, 1.5 mM-magnesium acetate, 1 mM-DTT, 0.1 mM-PMSF, 10~ glycerol.
Nucleic acids were removed from the preparation by DEAE-cellulose chromatography as described by Persson et al. (1978) .
Proteins present in the cytoplasmic extract were subjected to rate-zonal centrifugation on a 5 to 20~ (w/v) sucrose gradient prepared in a buffer containing 50 mM-Tris HC1 pH 8.0, 1.5 mM-magnesium acetate, 1 mM-DTT, 0.1 mM-PMSF, 0.1 ~ Triton X-100, 0.5 M-NaCI. The gradient was centrifuged in a Beckman SW41 rotor at 4 °C for 19 h at 30000 r.p.m. (100000 g). An aliquot of each fraction, collected by puncturing the bottom of the tube, was analysed by SDS-PAGE, and fractions enriched in p45K were pooled and dialysed against a buffer containing 50 mM-Tris-HC1 pH 8.0, 1-5 mM-magnesium acetate, 1 mM-DTT, 0.1 mM-PMSF, 0.1~ Triton X-100, 10~ glycerol. The sample was loaded on the top ofa DEAE-cellulose column (2 × 16 cm) previously equilibrated with the same buffer. Elution was done stepwise, using increasing concentrations of KC1 from 0 to 200 mM. Proteins eluted with each KCI wash were pooled and analysed by SDS-PAGE. Fractions enriched in p45K were further subjected to rate-zonal centrifugation as described above.
RESULTS

Characterization of the inner capsid morphological subunits liberated by treatment of rotavirus particles with 1.5 M-CaCI2
Exposure of single-shelled porcine rotavirus particles to 1"5 M-CaCI2 for 15 s resulted in partial release of the morphological subunits, with the formation of indentations on the periphery of the particles (Fig. 1 a) . After 2 min of treatment, most of the particles were converted into smooth cores, which were seen in the electron micrographs surrounded by released subunits (Fig. 1 b) . Such subunits were separated from cores by rate-zonal centrifugation on sucrose gradients, under conditions in which cores pelleted at the bottom of the tube and the released subunits penetrated into the gradient. Fig. 2(a) shows the migration of CaC12-treated [35S]methioninelabelled single-shelled virus, together with that of aldolase (7.35S, 156K) and ovalbumin (3.65S, 45K) markers. The released subunits migrated together with the aldolase marker, indicative of their oligomeric (possibly trimeric) structure; no counts were detected in the region where monomeric 45K proteins would migrate. Each fraction of the gradient was analysed by SDS-PAGE, confirming that the radioactive peak was due to the presence of p45K (Fig. 2b) ; at least two proteins of the core (p92K and p88K) were also detected in the bottom fraction.
These results indicate that CaClz treatment of single-shelled rotavirus particles releases the morphological subunits of the inner capsid as oligomers of p45K.
Nature of the aggregation of p45K in the oligomeric morphological subunits
The possible presence of intermolecular disulphide bonds was investigated by PAGE of viral proteins under reducing or non-reducing conditions. Fig. 3 shows the electropherogram of proteins separated under reducing (a, b, g, h) and non-reducing (c, d, e,f) conditions. A typical electrophoretic profile of double-capsid porcine rotavirus (Fig. 3 a) are components of the outer capsid (unpublished observations). The migration of several bands is altered by the absence of the reducing agent and in most cases the change in mobility results in faster migration, indicative of the presence of intramolecular, but not intermolecular, disulphide bonds; the downward shift was clearly evident with polypeptides 84K, 45K and 38K. The behaviour of p 109K, a minor component of the core, is not clear but it seems possible that it may form disulphide bonds with the other proteins of the core (92K and 88K) as evidenced by a disappearance of the corresponding band in non-reducing conditions and the appearance of a small quantity of high mol. wt. components. Nevertheless, the majority of polypeptides 92K and 88K remain unaltered under non-reducing conditions. In any case, it is clear from Fig. 3 Fig. 4 shows the results obtained on the effect of thermal treatment on the stability of the p45K oligomer. The omission of boiling, with or without 2-mercaptoethanol, resulted in a reduction of the intensity of the p45K band, and in the appearance of high mol. wt. components including a large amount of material that did not penetrate the stacking gel. In the presence of the reducing agent (Fig. 4b ) a band with a mol. wt. of approx. 140K appeared, which could correspond to oligomers (possibly trimers) of p45K ; however, at the present time we do not have conclusive proof of this, such as could be provided by peptide mapping. In the absence of 2-mercaptoethanol (Fig. 4 c) , an additional band of 120K was also observed; we can only speculate that such a band could correspond to a non-reduced configuration of the putative p45K trimer. In any case, high mol. wt. components, particularly those which did not penetrate the gel, may be higher polymers of p45K and of the other proteins of the core.
Characterization of native p45K in infected cell extracts
Infection of MA-104 cells with the OSU strain of porcine rotavirus results in the inhibition of host cell protein synthesis and the formation of newly synthesized rotavirus polypeptides that can be detected by 3 to 6 h post-infection. All six structural polypeptides are easily identified, and also some of the reported rotavirus non-structural polypeptides (54K, 35K and 29K) (O. Atencio & J. Esparza, unpublished observations). Fig. 5 shows an electropherogram of a cytoplasmic extract labelled with [35S]methionine from 6 to 7 h after infection (Fig. 5a) , and of an immune precipitate of the extract (Fig. 5 b) . It can be seen that even when some host protein synthesis still remains, the major bands, particularly that corresponding to p45K, are of viral origin. The cytoplasmic extract of infected cells was then subjected to rate-zonal centrifugation in a Triton X-100-containing sucrose gradient, to analyse the migration behaviour of the major virus-induced polypeptides. Most of the radioactivity remained as soluble proteins on the top of the gradient (Fig. 6a) . All fractions of the gradient were then analysed by SDS-PAGE to identify the specific polypeptides present in each fraction (Fig. 6b) (fractions 16 to 27 were analysed individually; fractions 4 to 15 were pooled in groups of two consecutive samples). The radioactive peak migrating in fraction 19 was composed almost entirely of p38K, the structural [3sS]Methionine-labelled single-capsid rotavirus particles were analysed on a 10 ~ SDS-polyacrylamide gel after: (a) heating at 100 °C for 3 min in Laemmli sample buffer, containing 5~o 2-mercaptoethanol; (b) incubation at 37 °C for 30 rain in the same buffer, containing 2-mercaptoethanol; (e) incubation at 37 °C for 30 min in sample buffer not containing 2-mercaptoethanol. glycoprotein, indicating that it was migrating as a high mol. wt. aggregate. Likewise, p45K was concentrated in fraction 22, on the shoulder of the major peak of soluble polypeptides, migrating slightly slower than the aldolase marker (which banded in fraction 21), again indicative of an oligomeric structure in its native state; very little p45K co-migrated with the ovalbumin marker (fraction 25) as it would have as the monomeric protein. It is interesting to mention that pl09K, the minor component of the core, migrated very close to p45K, indicating that it behaved as a monomeric protein. Finally, most of the soluble radioactivity in fraction 26 could be attributed to monomeric p29K, the non-structural glycoprotein. Lower in the gradient (fractions 4 to 15) additional structures, with different proportions of viral polypeptides, were observed; they may represent morphogenetic intermediates of rotavirus particles, but will not be discussed further here. 
Sedimentation behaviour of partially purified native p45K
Since it was conceivable that the sedimentation behaviour of virus proteins could be influenced by interaction with cellular (unlabelled) proteins, we examined the sedimentation behaviour of partially purified p45K. For this, fraction 22 from the gradient shown in Fig. 6 was further purified by DEAE-cellulose chromatography, as described in Methods. Fig. 7 (a) shows the radioactivity profile after stepwise elution of the sample with increasing molarities of KC1; most of the low mol. fit. contaminants were not bound to the column (Fig. 7b, uninfected ceils or by staining of the gel with Coomassie Brilliant Blue, confirmed that most major cellular proteins eluted with concentrations of KCI lower than 25 mM or higher than 100 mM (C. Larrea, M. Gorziglia & J. Esparza, unpublished observations). Fig. 7 (b) shows that p45K preferentially eluted from the DEAE-cellulose column with KCI concentrations lower than 200 mM. The sedimentation behaviour of partially purified p45K (obtained from pool B in Fig. 7 a) was analysed by rate-zonal centrifugation on sucrose gradients, as done for the experiment shown in Fig. 1 and shown in Fig. 8 . Again, the purified protein migrated as an oligomeric component, even when a fraction of it had a slower sedimentation, probably due to disaggregation during the multiple steps of the purification procedure. Treatment of purified p45K with SDS and heat resulted in the dissociation of the multimeric structure, with most of the 35S label migrating behind the ovalbumin marker, possibly due to an extended rod-shaped conformation induced by SDS denaturation.
DISCUSSION
The major inner capsid protein of rotaviruses, p45K (Novo & Esparza, 1981) , also referred to as VP6 (Espejo et al., 1981 ; Ericson et al., 1982) , is an important component of the virion, not only for quantitative reasons, but also because of its antigenic role and possible participation in essential enzymic activities. This protein may be related to the virion-associated RNA polymerase activity and perhaps to other enzymes involved in RNA processing and modification. Rotavirus cores generated by CaC12 treatment do not exhibit RNA polymerase activity. Likewise, mixtures of purified p45K with genomic RNA are also inactive in vitro. However, transcriptase activity is partially recovered when the protein is reassociated with the cores indicating that more than one protein of the single-capsid particles (including the major one) is required for the enzyme activity, or that the major protein induces a conformational change important for the functioning of the polymerase (Bican et al., 1982) . Conformational changes of the reovirus core particle have been recently described during activation of the RNA transcriptase activity (Powell et al., 1984) .
Our results indicate that p45K is present in the virion as oligomers, and that they are rapidly formed in vivo as evidenced by the fact that most of the p45K present in infected cells is also in the oligomeric form. It is important to know how many subunits are involved in the oligomer of p45K. Sedimentation analysis showed that the oligomer migrates together with the 156K mol. wt. marker, suggestive of either a trimeric (3 x 45K = 135K) or a tetrameric (4 x 45K = 180K) structure; a difficulty in this analysis is that the density and configuration of the protein may influence its sedimentation behaviour. On the other hand, the appearance of a band of 140K in SDS-PAGE analysis of viral proteins in which boiling was omitted during sample preparation, seems to indicate that the oligomers are indeed of a trimeric nature. However, the most important argument in favour of the trimeric structure comes from uttrastructural observations. Morphological subunits of the rotavirus inner capsid do show a triangular shape (Martin et al., 1975) , which on closer examination demonstrates a central hole surrounded by three smaller subunits (Esparza & Gil, 1978) . The 'rotatube 1' structures described by Chasey & Labram (1983) , when examined by optical diffraction methods, appeared to be composed of hexagonal units, each consisting of a ring of six subunits, in which 'light' and 'dark' subunits alternate, suggesting some dissimilarity in their shape or position. Chasey & Labram (1983) concluded that if each subunit is indeed trimeric, it could offer an explanation for their apparent difference in orientation: each identical trimer, having three directions in which to link with equivalent sites in adjacent units, rotates by 180 ° with respect to its neighbours. Furthermore biochemical evidence has indicated that the morphological subunits of the rotavirus inner capsid are formed by the p45K polypeptide (Novo & Esparza, 1981 ; Bican et al., 1982) , making it easier to favour the trimeric nature of the p45K oligomer reported in the present paper.
